H NMR methods applied to obtain order parameters and correlation times that quantify the mobility of the cofactor in the inactive dark state, as well as the cryotrapped metarhodopsin I and metarhodopsin II states. Analysis of the angular-dependent 2 H NMR line shapes for selectively deuterated methyl groups of rhodopsin in aligned membranes enables determination of the average ligand conformation within the binding pocket. The relaxation data suggest that the β-ionone ring is not expelled from its hydrophobic pocket in the transition from the pre-activated metarhodopsin I to the active metarhodopsin II state. Rather, the major structural changes of the retinal cofactor occur already at the metarhodopsin I state in the activation process. The metarhodopsin I to metarhodopsin II transition involves mainly conformational changes of the protein within the membrane lipid bilayer rather than the ligand. The dynamics of the retinylidene methyl groups upon isomerization are explained by an activation mechanism involving cooperative rearrangements of extracellular loop E2 together with transmembrane helices H5 and H6. These activating movements are triggered by steric clashes of the isomerized all-trans retinal with the β4 strand of the E2 loop and the side chains of Glu 122 and Trp 265 within the binding pocket.
Introduction
Membrane receptors, transporters, and ion channels constitute important therapeutic targets and are currently the focus of crystallographic analysis [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] as well as structural studies employing both solution [15] [16] [17] and solid-state [18] [19] [20] [21] [22] [23] [24] [25] [26] NMR spectroscopy. Yet information about the local bonding environment of cofactors is often unobtainable, and moreover knowledge of membrane protein dynamics may be difficult to acquire with either X-ray crystallography or solution NMR. In case of G protein-coupled receptors (GPCRs) such as rhodopsin, their intrinsic mobility may be functionally significant. In this article, we describe an approach using site-directed solid-state 2 H NMR relaxation for investigating the dynamics and interactions of the ligand in the binding pocket of the GPCR rhodopsin that reveals new information pertinent to the activation mechanism. Knowledge of the activated conformations of GPCRs as in the case of metarhodopsin II constitutes a long-sought goal, with considerable importance for biological signaling mechanisms and pharmaceutical design. More generally, a flow of energy is involved in activating movements of membrane proteins, whose conformational transitions occur on a multidimensional energy landscape [27] [28] [29] .
To understand the activation of rhodopsin, one must characterize the atomistic motions of the ligand and the protein as well as establish the role of the membrane lipid bilayer. Photon absorption by the retinal ligand yields helical movements of rhodopsin [30] that result in activation of the photoreceptor through exposure of recognition sites on the cytoplasmic loops for the G protein (transducin). Such helical movements are triggered by changes in the retinylidene conformation due to isomerization, followed by rearrangement of hydrogenbonding networks around Glu 122 [31] and the extracellular E2 loop [26] , deprotonation of the retinylidene Schiff base, and disruption of two ionic locks stabilizing the dark state conformation [32] [33] [34] . An allosteric network couples the retinal cofactor to rhodopsin [35] , which in turn is coupled to the membrane lipid bilayer [36, 37] . The free energy of the bound ligand provided by photon absorption elicits a conformational change of the protein that leads to the biological response [37] . Visual signaling results through the action of effector proteins [38] in two amplification stages, involving sequential activation of the G protein transducin followed by stimulation of a cGMP phosphodiesterase. Closing of GMP-gated cation-selective channels in the rod plasma membrane leads to membrane hyperpolarization and the generation of a visual nerve impulse. At the molecular level, X-ray crystal structures are available for the rhodopsin [1] [2] [3] [4] [5] , bathorhodopsin, and lumirhodopsin states [6] , and a low-resolution structure of a photoactivated deprotonated intermediate [7] . Recent structures for the ligand-free opsin [39] and the transducin-activating conformation with a bound peptide [40] may retain structural elements of the activated meta II state. The latter studies [39, 40] strikingly corroborate earlier site-directed spinlabeling studies [41] that reveal helical movements coupled to lightinduced conformation changes of rhodopsin due to 11-cis to trans isomerization of the retinylidene cofactor [42, 43] . In addition, plasmon waveguide resonance spectroscopy [44, 45] shows a lightinduced elongation of the protein that occurs following light absorption, as experimentally visualized in the X-ray crystal structure of the ligand-free opsin apoprotein [39] . Within this context, solidstate NMR spectroscopy is complementary to X-ray crystallography and other spectroscopic methods [46] [47] [48] . First, one can obtain structural information that in some respects may be more accurate than X-ray studies. Second, membrane proteins are studied in a native-like membrane environment [20, 21, 25, [49] [50] [51] [52] [53] [54] , where protein function is preserved [37, 55] . Last, solid-state NMR relaxation experiments reveal dynamical knowledge for non-crystalline biomembrane specimens that cannot be obtained with X-ray or other methods [56] . It is mainly theoretical molecular dynamics (MD) simulations that provide such comprehensive dynamical information at present [33] , which require validation through experimental studies as described here. The results of solid-state 2 H NMR spectroscopy thus provide an avenue or input into the structural dynamics that can be particularly useful in combination with all-atom MD simulations [57, 58] . Studies of rhodopsin mutants have been instrumental in identifying key interactions that may not always be evident from the X-ray structure [32, 38] . Moreover, biophysical and bioorganic studies of rhodopsin regenerated with various retinal analogues have identified the parts of the cofactor that are implicated in biological activity [59] . The methyl groups of retinal lead to conformational distortion that is linked to the biological function of rhodopsin [35, 46] . The C5-, C9-, and C13-methyl groups each occupy distinct protein binding sites for the chromophore; the β-ionone ring with the C5-methyl is in a hydrophobic pocket; the polyene chain with its C9-methyl group is situated in a slot between the side chains of Thr 118 on helix H3 and Tyr 268 on H6; and the C13-methyl group is located between the 11-cis double bond and the protonated Schiff base with its associated counterion. The retinylidene methyl groups are known to be important for the photochemistry and activation of rhodopsin [31, 35] . For example, studies of 5-desmethyl analogs show that deletion of the C5-methyl has a dramatic effect on rhodopsin regeneration and the transition from meta I to meta II [31] . Indications that the C5-methyl group is involved in interaction with Glu 122 have been found in an FTIR study of desmethyl analogs of retinal bound to rhodopsin [31] , which is also supported by close proximity of the C5-methyl group to Glu 122 in the crystal structure [4] . Moreover, the β-ionone ring of the retinylidene ligand may be implicated in the spectral properties [60] and activation of rhodopsin [31, 59, [61] [62] [63] [64] .
The ring moiety of retinal may function through maintaining the activated meta II conformation of rhodopsin [31, 64, 65] . Acyclic analogs of retinal lacking the β-ionone ring act as partial agonists, as they shift the metarhodopsin equilibrium toward the inactive meta I state [31, 61] . Removal of the C9-methyl group leads to a relaxation of chromophore strain [66] giving a partial agonist [35, 46, 64] , which shifts the meta I to meta II equilibrium toward the inactive meta I state, with diminished transducin activation [64] . Absence of the C9-methyl group also perturbs the positioning of the ring of retinal in its binding site, leading to an altered hydrogen bonding of Glu 122 [35] .
Finally, deletion of the C13-methyl group gives less intense hydrogenout-of-plane (HOOP) modes in vibrational spectroscopy [35, 67] , together with a decreased photoreaction rate and quantum yield [68] . Deletion of the C13-methyl group also shifts the metarhodopsin equilibrium toward the inactive meta I state [35] . Experimental data on rhodopsin structure and dynamics in the intermediates and the active state are very limited at present, and mainly come from Raman [47] and FTIR [69] spectroscopy, spin-label ESR [43, 70] , solid-state NMR [24] [25] [26] [71] [72] [73] [74] , and MD simulations [57, 58, 75, 76] . Vibrational spectroscopy reveals HOOP modes of the retinal chromophore, which provide information about its torsional twisting. It is mainly in the case of NMR that one can obtain both structural and dynamical information over picosecond-nanosecond time scales. Yet the full potential of solid-state NMR in studies of biomembranes has not been explored to date, as a combined approach involving both NMR spectral line shapes and relaxation methods has not been extensively implemented for membrane proteins such as rhodopsin. In this article, we review the application of solid-state 2 H NMR to rhodopsin and show that combined line shape and relaxation methods can play a key role in establishing the ligand conformation within the binding cavity, and the changes that occur in the receptor activation.
Solid-state NMR spectroscopy is a powerful tool in membrane biophysics
Investigations of molecular solids, liquid crystals, membranes, and protein aggregates are all possible with solid-state NMR [77] . In particular, site-directed 2 H NMR is a valuable tool to study the local structure and dynamics of biomolecules under conditions preventing isotropic molecular motion. By contrast, in solution NMR one cannot readily analyze various types of local motions, and separation of different motions takes place only on a time-scale basis [78] [79] [80] . Protein rotational diffusion is typically detected in solution NMR relaxation studies, so that further analysis is needed to extract the internal structural and dynamical information [78] [79] [80] . The general reader should recognize that in solid-state NMR spectroscopy we do not necessarily observe actual solid samples. Rather, one studies the anisotropy of the magnetic or electrical interactions that are incompletely averaged away by the molecular fluctuations. Even in the presence of considerable molecular motion, it is possible for residual anisotropies to exist, as in the case of liquid crystals [81] [82] [83] . As a result, the magnetic or electrical interactions in NMR spectroscopy provide a rich source of information about structure and dynamics for membrane proteins 21,84-94] and peptides [95] [96] [97] [98] [99] [100] [101] [102] [103] , lipid bilayers [104] [105] [106] [107] [108] , biopolymer fibers [109, 110] , amyloid fibrils [111] [112] [113] [114] [115] [116] [117] [118] , and inclusion bodies [119] . NMR [22, 26, 73, 120] in that orientational restraints are provided [24] , which together with distance restraints [22, 73] allow site-specific structural information to be obtained analogous to solution NMR [121, 122] . In solid-state 2 H NMR of biomembranes, the motionally averaged spectral line shapes involve residual quadrupolar couplings (RQCs) that correspond directly to the segmental order parameters [83, 123] . The RQCs can be measured directly together with the corresponding dynamical parameters, viz nuclear spin relaxation rates such as the relaxation of Zeeman order (R 1Z ) or quadrupolar order (R 1Q ). By contrast, in X-ray structures the mobility enters through the Debye-Waller factors that do not distinguish static from dynamic disorder [124] . It naturally follows that NMR is ideal for observing both structure and dynamics of solid-like or liquid-crystalline samples, which can have considerable internal mobility, or liquidlike samples that conversely can have a local structure.
2.2.
Rhodopsin is a G protein-coupled receptor that can be studied by NMR spectroscopy Because NMR detects both structure and dynamics, it provides input to the overarching questions in the fields of rhodopsin and GPCRs in cellular membranes [125] . These include (i) understanding how retinal can be so unusually stable in the dark state, yet become instantly transformed upon light absorption, as well as (ii) establishing how the light-induced changes are propagated from the retinal binding pocket through an allosteric network within the protein to the cytoplasmic loops that contain the activation sites for recognition of the G protein (transducin). Conformational strain of retinal has long been postulated to play a major role in the remarkable photochemistry of rhodopsin, as shown by vibrational [47] , linear dichroism [126] , and solid-state NMR [22, 52, 73] spectroscopy as well as MD simulations [76] . Upon light absorption the switch is virtually instantaneous and 11-cis to trans isomerization occurs within only 200 fs [47] . Yet the retinal ligand is phenomenally stable in the dark state, with a spontaneous rate of isomerization estimated to occur only once in several millennia [127] . Activating movements of the protein are triggered by the ligand involving an energy landscape whereby the roughness depends on the length scale. Over relatively short distances, thermal fluctuations of the ligand occur within a given state at relatively high frequencies, whereas over larger distances matching of the ligand to protein fluctuations at lower frequencies can drive conformational transitions producing the biological response.
Solid-state NMR has been extensively applied to investigations of rhodopsin including magic-angle spinning 13 C NMR [25, 26, 65, [128] [129] [130] , 15 N NMR [131] , and 2 H NMR [24, 52, 53, 56, 132] . Both the protein as well as the bound retinal ligand have been investigated with solidstate 13 C NMR of rhodopsin in detergent micelles [25, 26, 130] .
H NMR studies of the retinal cofactor of rhodopsin in a native-like membrane environment have also been conducted [24, 52, 53, 56, 132] . The 2 H NMR structure of 11-cis-retinal in the dark state reveals dihedral twisting of the polyene chain and the β-ionone ring, in contrast to microbial rhodopsins such as bacteriorhodopsin. Analysis of the angular-dependent 2 H NMR line shapes of selectively deuterated methyl groups in rhodopsin in aligned membranes allows accurate determination of the equilibrium ligand conformation in the binding pocket [24] . For rhodopsin, the retinal cofactor is locked within the binding pocket with a negative pre-twist about the C11_C12 double bond, which explains its dark state stability as well as its rapid photochemistry, and also indicates the trajectory of the light-induced 11-cis to trans isomerization [24] . According to 2 H NMR, the retinal strain is progressively relaxed in forming the pre-activated meta I state. Additional relaxation studies allow one to obtain dynamical information about the dark and pre-activated meta I state as well as the activated meta II state. In this respect, knowledge of the mobility of retinal bound to rhodopsin may help to understand the functional dynamics of the ligand in relation to the activation mechanism. [24] . The oriented membranes involve substantial alignment disorder, and thus a proper treatment of the mosaic spread is pivotal to determining accurate bond orientational restraints [133] . One of the important features of NMR spectroscopy is that information about mobility can be obtained directly from the NMR line shape. For example, residual dipolar and quadrupolar couplings (RDCs and RQCs, respectively) in NMR spectra provide information about order parameters related to the mean orientation of the nuclear interaction tensor as well as dynamical disorder. In addition, the intrinsic line broadening is proportional to the transverse (R 2 ) relaxation rate, which in turn is related to molecular mobility, whereby narrower NMR lines correspond to faster motion. Further detailed information about dynamics is obtained from longitudinal (R 1Z ) and quadrupolar order (R 1Q ) relaxation experiments, as described subsequently. [81, 134] . The RQCs for the C5-, C9-, and C13-methyl groups indicate that they all undergo fast spinning about their C 3 axes with correlation times b10 -5 s (motional narrowing) with restricted off-axial fluctuations. The order parameter of the methyl group characterizes the amplitude of the fluctuations of retinal within the binding pocket of rhodopsin and is given by S C 3 ≡ (1/2) 〈3cos 2 β MD − 1〉, where β MD is the angle between the instantaneous and average methyl group orientation. Comparison of the value of the residual (motionally averaged) quadrupolar coupling 〈χ Q 〉 with the value of χ Q corresponding to the rotation of methyl group yields S C 3 ≈ 0.9, which corresponds to an amplitude of the off-axial fluctuations of β MD ≈ 15°. This motion includes libration of the methyl groups with respect to the unsaturated polyene as well as any reorientations of the polyene chain and β-ionone ring within the binding pocket. Little variation of the intrinsic line broadening and derived T 2 relaxation times was observed within the temperature interval from −150 to − 30°C. In conjunction with relaxation time measurements (see below), we also obtain knowledge of the associated correlation times. H NMR spectra for the oriented samples can be calculated by assuming a static uniaxial distribution about the average membrane normal [133] . The theoretical line shapes depend on both the methyl bond orientation θ B with respect to the membrane normal ( Fig. 1) as well as the alignment disorder (mosaic spread), which is assumed to be Gaussian with a standard deviation of σ. In gel-state bilayers, membrane proteins do not undergo significant rotational diffusion [135] on the 2 H NMR time scale (≈10 μs). The quadrupolar frequencies of the two spectral branches can be expressed as [134] 
where χ is the coupling constant (static χ = χ Q = 170 kHz; or residual χ = hχ Q i); the symbol D (j) designates the Wigner rotation matrix of rank j, and X XL = ð/; θ; 0Þ are the Euler angles which transform the irreducible components of the coupling tensor from its principal axes system (PAS; molecule fixed) to the laboratory coordinate frame, defined by the main magnetic field B 0 . An axially symmetric coupling tensor, i.e., η = 0, is assumed. For a rotating methyl group, the static coupling constant is averaged to χ Q eff = χ Q (3cos 2 109.47°− 1) / 2 = (−1/3) χ Q = − 56.67 kHz.
Off-axial fluctuations are characterized by S C 3 = 〈χ Q 〉 / χ Q eff , which is the order parameter of the methyl three-fold (C 3 ) axis, where the brackets denote a time average. The solid-state 2 H NMR spectrum is described by the distribution of the spectral intensity as function of frequency, which can be represented in terms of the reduced frequencies ξ ± for each of the spin I = 1 spectral branches. For an axially symmetric coupling tensor
. Moreover, the elements of the Wigner rotation matrix transform according to [134] 
The first Euler angles Ω XN ≡ (0,θ B ,ϕ) include the orientation of the PAS of the coupling tensor (X ≡ static or residual) relative to the local membrane normal n, where θ B is the bond orientation (N frame) and ϕ is the random azimuthal rotation about the local normal (cf. Fig. 1 ). The second set Ω ND ≡ (0,θ′,ϕ′) treats the disorder of the local membrane normal relative to the average normal n 0 to the membrane surface (D frame) in terms of θ′ as well as the random azimuth ϕ′. The final transformation describes the inclination (tilt) of the average membrane normal to the laboratory (L) frame (static magnetic field B 0 ). The analytical calculation can be simplified by introducing rank-1 rotation matrix elements [133] , giving cos θ̃= cos θ B cos θW − sin θ B sin θW cos / + /W ð Þ ð3Þ
Here the extra angles Ω NL ≡ (ϕ″,θ″,0) describe the overall rotation of the local frame to the laboratory, where θ″ is the tilt of the local normal and ϕ″ is a phase factor that connects the two transformations [133] .
The following formulas are obtained for the line shape representing the two I = 1 spectral branches of the 2 H nucleus [133] :
, and the cosines of the sum and difference angles are defined as follows: α≡ cosðθ̃− θ B Þ; β≡ cosðθ̃+ θ B Þ; γ ≡ cos(θ − θ′); and δ ≡ cos(θ + θ′)). The kernel K(k) = F(π / 2,k) constitutes a compete elliptic internal of the first kind in the normal trigonometric form:
The 3-D alignment disorder (mosaic spread) is described by a Gaussian distribution of the local membrane normal versus the average bilayer normal,
, where σ is the standard deviation about the mean of 〈θ ′〉 = 0. For a random (spherical) distribution, the line shape formula gives the well-known Pake doublet:
4. Structural analysis of retinal in the dark and meta I states shows torsional twisting and deformation of the bound cofactor By aligning the POPC membranes containing rhodopsin on planar substrates, one can determine the orientation of the 2 H quadrupolar coupling tensor relative to the membrane frame. Simulations of experimental 2 H NMR spectra employed the above line shape formulas, Eqs. (5)- (7) for a static uniaxial distribution [133] , as also applied previously to bacteriorhodopsin (bR) in purple membranes [50] and to aligned DNA fibers [109] . For oriented samples, the simulation parameters include the C-C 2 H 3 bond orientation, the mosaic spread, the residual coupling 〈χ Q 〉, and the intrinsic line broadening. Alternatively, a Monte Carlo simulation of the line shapes was also introduced to cross-validate the above procedure. The line shape was accumulated numerically by randomly generating the angular variables according to their distribution functions, as in Eqs. (1)- (4), together with the Gaussian distribution for the mosaic spread [133] , giving essentially identical results to the closed-form analysis. The degree of membrane orientation was also investigated by 31 P NMR spectroscopy. Compared to previously published data [136] , complete membrane alignment was not obtained, but rather aligned fractions of ≈90% were typical for rhodopsin in POPC or DMPC bilayers. In the case of unoriented (powder-type) samples, the Pake formula, Eq. (8), is used. The current findings can be summarized as follows. (i) In the dark state, the binding pocket induces a pre-twisting of the 11-cis-retinal around the C11_C12 double bond, which results in the fast and efficient isomerization of the ligand. (ii) In the meta I state, the β-ionone ring is displaced by about 1 Å toward helices H3 and H5 whereas the part of the polyene chain between the C9-methyl group and protonated Schiff base moves toward Trp 265 . The implications of these structural changes on the activation mechanism are further discussed below. Values for the mosaic spread are larger than in previous studies of aligned purple membranes containing bR [50] . This may be due to the fact that rhodopsin (M r = 40 kDa) is a larger molecule than bR (M r = 26 kDa), with substantial extramembranous domains [137] . These values differ significantly from previously published work [74, 136] ; however, they are in good agreement with independent results from Xray crystallography [2, 4] . For analysis of the retinal conformation, a simple model with three planes of unsaturation was applied (Fig. 2) , encompassing the β-ionone ring and the polyene chain to either side of the C12-C13 bond [52, 59, 63, 133, 138] . Relative orientations of pairs of 2 H-labeled methyl substituents are used to calculate effective dihedral angles for the planes of unsaturation. The 2 H NMR data for aligned samples allow one to determine the orientation of the retinal ligand within the binding cavity of rhodopsin. Each plane (designated A, B, or C) is defined by two vectors and needs two angular constraints (degrees of freedom) to specify its spatial orientation. The three molecular planes have two bonds in common, so that a total of four independent parameters (degrees of freedom) is needed to define the retinal structure. Since data for the C1R,S methyl groups are unavailable, the electronic transition dipole moment of the retinylidene chromophore from linear dichroism measurements was introduced as a fourth orientational restraint [126, [139] [140] [141] . The values of the torsion angles χ i;k between the A, B, and C planes are given by [52] 
In the above formula, θ B are the orientations of the individual methyl groups attached to consecutive planes to the local membrane normal n, and θ i and θ k are angles of the two methyl axes to the C i -C k bond with torsion angle χ i,k , such as the C6-C7 or the C12-C13 bond. The C i -C k bond angle to the local membrane normal is θ
and is calculated from the C9-methyl orientation, together with the transition dipole moment. Multiple solutions for the torsion angles between the A, B, or C planes (and multiple retinal geometries) are obtained which correspond to a single set of experimental methyl bond orientations. For retinal, a total of 64 combinations for the relative orientations of the A, B, and C planes are possible, yielding 128 possible retinal configurations. Circular dichroism (CD) data [138, 142] and carbon-carbon distances obtained from solid-state rotational-resonance 13 C NMR studies [22, 73] can then be introduced to find a single physical solution in analogy with solution NMR spectroscopy. Using Eq. (9), one obtains for the angle between planes B and C that χ 9,13 = + 150°± 4°(+ 147°± 4°) (Fig. 2b) . The two values correspond to a C11_C12-C13 bond angle of 120°or 130°a ccordingly. The distortion of the C11_C12-C13 bond angle from ideal orbital geometry may occur due to the interaction of the C13-methyl group with the retinal hydrogen H10 or may be induced by the specific configuration of the rhodopsin binding pocket. For the β-ionone ring, using positional restraints for the C8-to-C18 and C8-to-C16/C17 distances from 13 C NMR [22] together with the chirality from CD studies [142] , the physical solution for the C6-C7 dihedral angle is χ 5,9 =−65°± 6°. It constitutes a negatively twisted 6-s-cis conformation as illustrated in Fig. 2b . To further establish the 11-cisretinylidene structure derived from 2 H NMR, it was inserted into the binding pocket of the X-ray structure of rhodopsin in the dark state with the highest available resolution (2.2 Å; PDB accession code 1U19) [4] . The Schiff base end was superimposed with the nitrogen of Lys 296 , thus keeping the carbon atoms from C12 to C15 near the X-ray , and Ala 292 in helices H5, H6, and H7, respectively. The only way to resolve this difficulty was by assuming an additional twist of the C11_C12 bond of the polyene chain [24] . In the extended three-plane model, the C11_C12 dihedral angle was determined by fitting the C10-to-C20 and C11-to-C20 distances to 13 C NMR rotational-resonance data [73] . It was found that the C11_C12 torsion angle is −25°± 10°and the C12-C13 torsion angle is 176°± 6°, where the twist is predominantly localized to the C11_C12 bond. The C10-to-C20 and C11-to-C20 distances are relatively insensitive to the C11_C12 torsion angle, giving somewhat large errors. The corresponding structure for retinal is shown in Fig. 2c , where the rhodopsin N-terminus is at top (extracellular side) and the C-terminus is at bottom (cytoplasmic side). In this way, structural studies of the retinal chromophore by 2 H NMR spectroscopy reveal twisting of the retinal molecule in the dark state, which is in agreement with other biophysical studies [2, 22, 52, 63, 66, 67, 75, 76, 128, 138, 141, [143] [144] [145] [146] , and is key to understanding its photoreaction dynamics [47, [147] [148] [149] . Of particular significance for rhodopsin is the torsional twisting around the C11_C12 double bond, together with the β-ionone ring [63] . The nonplanar structure of the retinal ligand is also indicated by the presence of HOOP modes in resonance Raman [47, 148, 150, 151] and FTIR [66] spectroscopy, and by CD studies [67, 138, 143, 145] . All of these aspects are pertinent to explaining how the photonic energy is released and used in the triggering of visual signaling by rhodopsin in photoreceptor membranes [67, 75, 76, 138, 145] .
Structural changes of retinal upon photoisomerization involve steric clashes that trigger rhodopsin activation
Next, the meta I state was cryotrapped in planar-supported bilayers to investigate changes in the retinal conformation and orientation induced by light absorption. Fig. 3a -c display 2 H NMR spectra acquired at − 100°C for macroscopically aligned POPC membranes at θ = 0°tilt angle. Comparing the meta I state to the dark state, the largest differences in the 2 H NMR spectra were found for the C9-C 2 H 3 group, with smaller variations for the C5-C 2 H 3 and C13-C 2 H 3 groups. These differences manifest the bond orientation θ B as well as the mosaic spread σ. In the meta I state, orientations were determined for the C5-, C9-, and C13-methyl groups θ B of 72°± 4°, 53°± 3°, and 59°± 3°, respectively. Due to the larger mosaic spread of meta I (σ = 22°-25°) compared to the dark state (σ = 18°-21°), the 2 H NMR spectra for the C9-methyl differ, whereas the bond orientations are similar. By contrast, for the C13-methyl group a smaller spectral difference is evident despite the larger change in bond orientation. As for the dark state, the 2 H NMR spectra indicate that the retinylidene methyl substituents undergo rapid rotation, with order parameters for off-axial fluctuations of ≈0.9 within the meta I binding cavity. Applying Eq. (9) and using experimental 13 C NMR rotationalresonance data [73] for the C10-to-C20 and C11-to-C20 carbon distances, it was found the torsion angle between the B and C planes is χ 9,13 = ±173°±4°, which indicates an almost fully relaxed 11-trans conformation in the meta I state [73, 152] . Possible solutions for the β-ionone ring were χ 5,9 = ±32°and ±57°. The calculated meta I structures were further restrained by inserting them into the dark state rhodopsin structure [4] . It was assumed that the shape of the retinal binding cavity was nearly the same in meta I as in the dark state. Most of the retinal structures were eliminated on account of the different position of the β-ionone ring in the binding pocket, except the structure shown in Fig. 3c on the left with χ 5/9 = −32°, and χ 9/13 = 173°, and the structure obtained from it by reflection (mirror symmetry transformation) in a vertical plane with χ 5/9 = 32°, and χ 9/13 = − 173°. 
Light-induced conformational changes of retinal provide insight into activation mechanism of rhodopsin
A central question in visual signal transduction is the mechanism by which retinal is converted sequentially by light from an inverse agonist to an agonist that activates rhodopsin. The meta I and meta II states of rhodopsin correspond to the low-affinity and high-affinity forms of ligand-activated GPCRs [153] . Control of reaction selectivity through substituents of the retinal ligand and the protein environment is of significant current interest. The 11-cis to trans isomerization gives a selective relaxation of the polyene chain, whereas the β-ionone ring maintains its conformational distortion. As remarked above, the conformational strain is evident by HOOP modes in resonance Raman and FTIR spectroscopy [66, 148] . Following 11-cis to trans isomerization, a gradual reduction in HOOP mode intensity of the retinylidene chromophore is seen in the various rhodopsin photointermediates [66, 150, 154] . A similar progressive decrease is evident in the visible CD of the rhodopsin intermediates [143] , which agrees with the 2 H NMR analysis.
For the dark state of rhodopsin, dihedral twisting of the polyene chain entails a concerted deformation involving mainly the three consecutive bonds from the C10 to C13 carbons [47, 67, 73, 148, 152] . The torsional twisting arises from the binding cavity, which restrains the β-ionone ring within its hydrophobic pocket at one end of the molecule, and the Schiff base adjacent to its counterion at the opposite end. Steric hindrance between the C13-methyl group and hydrogen H10 of the polyene chain may also influence the torsional deformation. From the relative methyl orientations, the polyene chain has a twisted 12-s-trans conformation, which manifests the stereochemical requirements of the binding site. By contrast, a twisted 12-s-cis conformation is seen in the crystal structure of 11-cis-retinal [155] . For the β-ionone ring, the angular restraints from 2 H NMR, together with 13 C NMR rotational-resonance distances [22] and CD studies [138] , imply that it has a negatively twisted 6-s-cis conformation, on average, in agreement with solid-state 13 C NMR chemical shift data [129] . The distorted 6-s-cis conformation of retinal in rhodopsin [52, 59, 128] and isorhodopsin [129] is distinct from the planar 6-strans conformation found in bacteriorhodopsin [50, 156] . Hence, the protein environment can modulate the β-ionone ring conformation substantially. The negative twist about the C6-C7 bond involves nonbonded interactions between the C5-methyl of the β-ionone ring and the H8 hydrogen of the polyene chain [63, 138] . However, the β-ionone ring may undergo torsional fluctuations about the C6-C7 bond and may be less restricted than the polyene chain, which is consistent with molecular dynamics simulations [57] . Mobility of the β-ionone ring within its hydrophobic binding pocket might explain the fact that it is more difficult to establish a unique conformation for this group [2, 22, 52, 57, 74, 157] . Now let us consider the β-ionone ring, which may undergo a repositioning in conjunction with helical movements leading to rhodopsin activation [30, 38, 62, 63, 65, 157, 158] . According to 2 H NMR, in meta I the β-ionone ring maintains a strained conformation, which is formally 6-s-cis and is similar to the dark state [52] . Based on CD and bioorganic studies of locked retinoids, Nakanishi and coworkers [138, 142] have shown that the helicity about the 6-s-cis bond is negative in the dark state and persists up to activation of the G protein, viz. the meta II state. Combined with these data, 2 H NMR shows that the β-ionone ring remains negatively twisted from the dark state up to meta I, in contrast to the largely relaxed trans polyene chain. Moreover, solid-state 13 C NMR chemical shift data indicate that the β-ionone ring is 6-s-cis in both rhodopsin and isorhodopsin [129] , and it is proposed that it remains 6-s-cis in meta I [71] and meta II [130] . Application of a three-plane model implies that the C6-C7 torsion angle changes on average from − 65°in the dark state to −32°in meta I. The difference is most likely due to a change in interaction between the β-ionone ring and the contiguous amino acid residues, arising from its displacement toward helices H3 and H5 as further discussed below. We conclude that the average conformation about the 6-s bond is retained up to meta I in the steps leading to activation of rhodopsin.
Next, Fig. 4 shows the structure of retinal obtained in this work inserted into the binding pocket of the rhodopsin X-ray structure [4] . In Fig. 4a , we compare the NMR structure of retinal deduced with the extended three-plane model to the crystallographic structure [4] in the dark state. The retinylidene nitrogen atoms of the two structures are superimposed, which places the C12 to C15 atoms close to the crystallographic positions, and restrains the Schiff base end of the ligand. Relatively good agreement of the two structures is found within the uncertainties of the two methods. Dihedral twisting of the polyene stems from localization of the β-ionone ring within its hydrophobic pocket at one end of the chromophore, together with the salt bridge of the retinylidene Schiff base at the other end. The distance from the C13-methyl to the closest carbon atom of the Trp 265 indole ring is ≈ 4 Å, suggesting that interactions of retinal with Trp 265 help stabilize the dark state conformation [65] . In addition, the configuration of the − C = NH + -bond of the protonated Schiff base is anti and its hydrogen points oppositely from the C13-methyl, i.e., toward the extracellular side in the direction of the counterion Glu 113 .
The inset to Fig. 4a displays the retinal NMR structure in the dark state as obtained with the extended three-plane model (green) compared to the NMR structure calculated using the simple threeplane model (red) [52] and Ala 292 in H7). A negative twist of the C11_C12 double bond is required to avoid these steric clashes and maintains the position of the β-ionone ring in a cavity formed by the surrounding amino acids. Dihedral twisting about the single bonds does not suffice to avoid the steric clash, due to the different geometry compared to the double bonds. Twisting about either the C9_C10 double bond or the C13_C14 bond is analogous geometrically to twisting about the C11_C12 bond; however, the distance of the Schiff base N atom from the rotation axis is less than for the C11_C12 bond and would require a greater torsional deformation. As a result, we conclude that twisting about the C11_C12 bond is energetically optimal to position the β-ionone ring within its hydrophobic cavity, while maintaining the retinylidene Schiff base near its counterion as in the dark state rhodopsin structure [4] . An interesting aspect is that pre-twisting about the 11-cis double bond can govern the chromophore movements upon photoexcitation, and thereby affect the ultrafast reaction dynamics. More specifically, we can propose that the binding pocket induces distortion-it prepares the retinal for the isomerization. A negative direction of isomerization about the C11_C12 bond is consistent with hybrid quantum mechanics/molecular mechanics simulations, which indicate that steric interaction of the C13-methyl with Ala 117 hinders rotation toward positive angles [75] . The positive helical twist about the C12-C13 bond is in agreement with CD and bioorganic studies of locked retinoids [138] and with our previous results [52] . Similar conclusions regarding in-plane bonding and local twisting involving the C11_C12 and C12-C13 bonds have been reached from combined quantum mechanics/molecular mechanics simulations [58, 76] .
In Fig. 4b , we show the NMR structure proposed for retinal in the meta I state (red), as compared to the NMR structure of retinal in the dark state of rhodopsin (green). The retinal structure for meta I is inserted into the dark state rhodopsin binding cavity, which is justified by the similar electron densities of meta I and the dark state at low to medium resolution [159] . The Schiff base nitrogen atoms of both structures were aligned as a further positional constraint. As can be seen, the trans polyene chain is essentially relaxed and is nearly planar [53, 152] while maintaining a significant twisting of the β-ionone ring. Moreover, the Schiff base end of the retinylidene chromophore is rotated about the polyene chain axis versus the rest of the molecule. Assuming a three-plane model, the Schiff base hydrogen would switch from facing the extracellular side in the dark state to the cytoplasmic side in meta I. This may have implications for a (possibly complex) counterion switch and deprotonation of the Schiff base, as discussed elsewhere [32, 33, 151] .
One can also establish from Fig. 4b that a small displacement (about 1 Å) occurs of the β-ionone ring toward helix H5 and a steric clash of the retinal polyene chain with Trp 265 . In addition, the β-ionone ring is noticeably turned toward Glu 122 on helix H3. A simple reason for these changes is the retinal straightening due to 11-cis to trans isomerization. We should emphasize that 2 H NMR spectroscopy can determine the structure and orientation of the retinal but not its position in the binding pocket. Consequently, the picture presented in Fig. 4b is approximate with respect to the retinal location. Apparently, due to the steric clash between Trp 265 and the retinal, these groups must move away from each other. The β-ionone ring moves toward H NMR data gives structure of retinal cofactor in the dark and meta I states of rhodopsin. Membrane normal corresponds to vertical direction; note that the extracellular side is up and cytoplasmic side is down. (a) NMR structure (green) of 11-cis-retinal in the dark state compared to retinal structure (red) from Xray crystallography (PDB accession code 1U19) [4] . Inset: NMR structure calculated with polyene dihedral twisting about C12-C13 bond only (simple three-plane model; red) compared to structure with dihedral twisting about both the C11_C12 and C12-C13 bonds (extended three-plane model; green). As a next step, we show that NMR relaxation of the retinylidene methyl groups provides a unique, site-directed probe of the local dynamics within the ligand-binding pocket. A brief summary of the current findings is the following. (i) Three distinct methyl environments are found in the dark state, where the crucial C9-methyl group has the greatest mobility within the rhodopsin binding pocket; the C13-methyl is intermediate in its mobility; and the C5-methyl group of the β-ionone ring has the slowest motion. (ii) These site-specific differences are linked to the activation mechanism of rhodopsin. In meta I and meta II, a partial relaxation of the ligand occurs which results in two environments, one for the polyene chain, and the other for the β-ionone ring. The differences in mobility represent non-bonded interactions that occur in conjunction with formation of the activated meta II state. (iii) Changes in the methyl group dynamics upon photoisomerization are explained by an activation mechanism whereby retinal stays in nearly the same environment, and does not experience significant reorientation or displacement upon transition from meta I to the activated meta II state. Light-induced isomerization of retinal yields a small displacement of the ligand, causing disruption of the hydrogen-bonding network due to interaction of the β-ionone ring with Glu 122 and resulting in activating helical movements. These findings may also have implications for the activation mechanisms of other class A GPCRs.
Retinal dynamics within the rhodopsin binding cavity are probed by 2 H NMR relaxation time measurements
Deuterium spin-lattice (Zeeman) relaxation time (T 1Z ) studies employed either non-aligned (powder-type) samples or aligned samples on ultrathin glass slides.
2 H spin-lattice relaxation times were determined for the C5-, C9-, and C13-methyl groups of retinal for rhodopsin in the dark state, with an 11-cis-retinylidene chromophore, as well as the meta I and meta II states having an all-trans retinal ligand within the binding pocket. In the dark state, measurements were conducted with both non-oriented (powder-type) samples as well as oriented samples as a function of temperature over a wide range from − 160°to −30°. Use of samples aligned between ultrathin glass slides with relatively low optical density allowed trapping and characterization of the meta I and meta II states of rhodopsin using UV/visible spectroscopy. Membranes of different lipid composition were used to shift the equilibrium from the meta I to meta II state [36, 37] or vice versa to stabilize the desired rhodopsin photointermediate. By conducting measurements below the freezing point of water, the interfering signal from the residual 2 H nuclei of the water was eliminated. The 2 H NMR studies were conducted below the melting temperature of the POPC lipid bilayer (−4°C), whereby rotational diffusion of the rhodopsin molecules within the membrane was suppressed, to reveal the internal dynamics of the receptorbound ligand. Inversion-recovery 2 H NMR spectra for rhodopsin containing retinal labeled specifically at the C5-, C9-, or C13-methyl groups in aligned POPC membranes (1:50 molar ratio) in the dark state
show that the rate of spin-lattice relaxation differs by as much as an order of magnitude or more for different methyl groups, depending on the temperature. Since the RQCs derived from the solid-state 2 H NMR spectra are essentially the same, the relaxation differences must be due to the rates of methyl spinning rather than the amplitude of the off-axial motions. Site-specific significant differences exist in the internal mobility of the retinal ligand in the dark state. For the dark state, the 2 H NMR relaxation results [160] indicate a monotonic temperature dependence for the T 1Z relaxation times of the C9-and C13-methyl groups, where T 1Z increases with the temperature. By contrast, a T 1Z curve with a minimum at − 120°C is observed for the C5-methyl group. The observation of a T 1Z minimum is important because it corresponds to an optimal matching of the spectral density of the thermal molecular fluctuations to the nuclear Larmor frequency ω 0 . It follows that τ c ≈ 1 / ω 0 , which enables an effective correlation time τ c for the motion to be obtained at the corresponding temperature in accord with NMR relaxation theory. The different T 1Z minima allow essentially model-free conclusions to be reached about the mobility of the retinylidene methyl groups within the binding pocket of rhodopsin in terms of differences in correlation times. Shifting the minimum to lower temperature corresponds to faster motions and vice versa. For the C9-and C13-methyl groups, all motional correlation times are less than 1 / ω 0 ≈ 13 ns down to − 160°C, whereas for the C5-methyl group, the experimental rotational correlation time exceeded 13 ns at temperatures below approximately − 100°C.
NMR relaxation theory connects experimental measurements to molecular fluctuations of biomembrane components
Further consideration of the rotational dynamics (e.g., discrete jumps, continuous diffusion) of the retinylidene methyl groups gives detailed information about the ligand fluctuations within the rhodopsin binding pocket (Fig. 5) . The spin-lattice relaxation rates are related to the spectral density (power spectrum) of the thermal fluctuations of the quadrupolar coupling tensor near the resonance frequency according to [161] 
and
where χ Q is the static quadrupolar coupling constant and ω 0 is the resonance (Larmor) frequency. In these formulas, J m (mω 0 ) denotes the spectral densities (m = 1,2) for aligned samples:
The quantities in square brackets are the mean-squared amplitudes of the fluctuations. Assuming exponential relaxation, the corresponding reduced spectral densities of the fluctuations are given by
Referring to Fig. 5 , D
nm (Ω ij ) are the Wigner rotation matrix elements and Ω ij ≡ (α ij , β ij , γ ij ) are the Euler angles describing the relative orientation of the coordinate systems i and j, where i,j = P,I,M, D,L. In addition, P denotes the principal axis system of the electric field gradient tensor for a deuterium atom (principal axis parallel to the C-2 H bond), I specifies the coordinate system related to the instantaneous orientation of the labeled methyl group, M indicates the system characterizing the average methyl group orientation, and L signifies the laboratory system (external magnetic field). According to this notation for the retinylidene methyl groups, Ω PI = (0, 70.5°, 0) and Ω ML = (0, β ML , 0). If the tilt of the sample (the angle between the average membrane normal and magnetic field) is θ = 0°, then β DL corresponds to the orientation of the methyl rotor axis relative to the membrane normal. The final coordinate transformation can be further expanded to include the dependence on the membrane orientation relative to the main magnetic field B 0 :
For unoriented (powder-type) samples, averaging over all membrane tilt angles is performed [161] . Now the choice of a specific motional model enters into the correlation times which appear in the reduced spectral densities, Eq. (13). In general, NMR relaxation is relatively insensitive to the form of the potential, although differences between jump and continuous diffusion models have been observed for methyl groups in solid amino acids [162] . In this work, the relaxation was observed to be exponential within experimental error for all temperatures employed [163] . Since deviations from exponential relaxation are not observed, one can adopt the azimuthal average for an N-site jump model [164] . Alternatively, a continuous diffusion model may be employed explicitly [161] . If rotation about a single axis is considered, i.e., offaxial motion is neglected as in the case of a methyl group, then the above results simplify to [165] 
where [161, 164] 
4k sin 2 ðπr = NÞ ðNQsite jump with azimuthal averagingÞ
Here k is the rate constant for N-fold axial nearest neighbor jumps and D || is the axial rotational diffusion constant.
The results can also be generalized to consider both axial and offaxial motions. For simplicity, a model of continuous rotational diffusion in a potential of mean torque [161] is adopted in this work [166] . The rotational correlation times are then:
where D || and D 8 are the diffusion coefficients for rotation of the labeled methyl group about its three-fold axis and the off-axial fluctuations, correspondingly. In addition, μ qn and 〈|D (2) qn (Ω MD )| 2 〉 are the moments and mean-squared moduli of the Wigner rotation matrix elements for a generalized potential of mean torque [105, 166] . Their values are tabulated in terms of the order parameters in Ref. [166] . In the limit of a strong collision approximation, the methyl orientation is assumed to change randomly by any amount due to rapid variations in the torque acting upon the segment. The orientation after a collision is independent of that before a collision, and the time taken for a transition is negligible. Hence, the orientation after a collision is given by the orientational probability distribution leading to [161] 
Finally, if it is assumed that the correlation times follow an Arrhenius activation law, then the temperature dependence for either the N-site jump [164] or continuous diffusion [161] model is a simple exponential. For the N = 3-site jump model 1/τ rq → 1/τ r = 3 k where
Here k 0 is the jump rate in the absence of the potential and E a is the potential barrier height or activation energy. For a continuous rotational diffusion model, 1/τ r is related to the principal values of the rotational diffusion tensor, Eq. (18), such that
The pre-exponential factors (D 0|| , D 0⊥ ) correspond to the maximum diffusion constants when E a bb RT, i.e., at infinite temperature. The values of k 0 (or D 0 ) and E a describe the local protein packing influences on retinal within the rhodopsin binding pocket.
5.3.
2 H NMR relaxation shows site-specific variations in molecular dynamics of retinal chromophore in the dark state of rhodopsin Both the three-fold jump model of axial methyl rotations [164] and the continuous diffusion model [161] were applied to fit the T 1Z temperature dependences [163] . In principle, T 1Z measurements at different orientations for aligned samples or at different frequencies for the powder-type samples allow one to distinguish between the different possible motional formalisms. The axial jump model predicts a 20% difference in the methyl relaxation depending on orientation, whereas for an axial free diffusion model the methyl relaxation is angle independent [164] . For powder-type samples, due to the relatively low signal-to-noise ratio, T 1Z was measured for the θ = 90°orientation of the methyl axis to the main magnetic field B 0 , whereas the aligned samples were studied at θ = 0°. Differences in the relaxation times for different orientations were undetectable within the error of the measurements, consistent with a diffusion model for the methyl rotational dynamics. Because the predicted relaxation anisotropy for a jump model is comparable with the 10% error of the T 1Z measurements, a firm conclusion cannot be reached in this regard. For the diffusion model, the η D = D || /D ⊥ ratio could not be determined unambiguously, which was assumed to be either η D = 1 or ∞ (axial diffusion). Correlation times are found in the range of 2-12 ps at 30°and 3-45 ps at − 60°C, depending on the methyl position, which are in the range expected for methyl rotation.
Values of the pre-exponential factors k 0 as well as the activation energies E a from the relaxation analysis are summarized graphically in Fig. 6 . For the dark state, for either model the largest values of k 0 (or D 0 for continuous diffusion) and E a are obtained for the C5-methyl group, and the smallest values of k 0 and E a for the C9-methyl group, with the results for the C13-methyl falling in-between. (For the rotational diffusion model, variations in E a do not exceed 20% depending on whether only axial diffusion (D ⊥ = 0) is considered or off-axial motions (D ⊥ = D || ) are also considered.) One can immediately say that in the dark state, the mobilities of the C5-, C9-, and C13-methyl groups are all distinct; there are three different methyl environments. At any given temperature, the different correlation times for the methyl groups are due to differences in the pre-exponential factors (corresponding to motion within the potential well) and the activation energies (corresponding to the barrier height) (Fig. 6) .
Because the order parameters are approximately the same for the methyl groups of retinal, the angular amplitude of the fluctuations of the methyl rotor axes must be similar. Thus, if only 2 H NMR spectra were recorded of powder-type samples, one would conclude that there are few differences among the various retinylidene methyl groups. Surprisingly, however, the 2 H NMR relaxation studies show that there are site-specific variations in the dynamics, as manifested by both the pre-exponential factor and activation barriers for the retinal motions (Fig. 6) . Site-specific variations in the methyl barriers in a protein have been seen also in the SH3 domain from α-spectrin [167] . Activation energies correspond to the temperature dependence of the relaxation rates and derived correlation times and assume an Arrhenius activation law (vide supra). Values of the experimentally determined activation energies range from 2 to 15 kJ/mol, depending on the methyl position, and are essentially independent of whether a three-fold jump or continuous diffusion model is considered. The highest activation energy is for the C5-methyl with E a ≈ 15 kJ/mol and is typical of methyl groups in organic solids. This value indicates either steric hindrance within the retinal or strong interactions with the protein binding pocket. The lower E a for the C13-methyl group reflects moderate interactions within the retinal H10 hydrogen and most likely Trp 265 . The very low E a for the C9-methyl shows few interactions with the binding pocket, and even intra-retinal interactions seem to be compensated. It is also noteworthy that the activation energies for retinal within the highly constrained rhodopsin binding pocket (Fig. 6 ) are substantially less than typically found in quantum mechanical calculations of rotational barriers. It is well established that the barriers for three-fold methyl rotation are often about 12 kJ/mol (3 kcal/mol) in organic compounds. However, for the C9-and C13-methyl groups, the activation barrier for methyl rotation from 2 H NMR relaxation are much lower. It is reassuring that a typical value of E a = 10-15 kJ/mol is obtained for the C5-methyl group of the β-ionone ring, which is validation that our approach yields expected methyl group values [168, 169] . But how does one explain the presence of a smaller barrier than expected, e.g., as in the case of the C9-methyl group? One could argue that the differences are due to the choice of dynamical models. While the correlation times and order parameters are not model-free quantities, this is less so for the barrier heights. The barrier heights assume only an Arrhenius law and are relatively independent of the choice of a motional model, e.g., threefold jumps or continuous axial diffusion. A possible explanation for the dynamics of the C9-methyl group is that they are primarily governed by intramolecular C9-to-H7 and C9-to-H11 (1,6) interactions, which can be approximated by three-fold rotational potentials. The methyl rotameric potentials are in anti-phase, i.e., they are shifted relative to one another by about 180°, thus producing a shallow resultant potential. This idea is further supported by an effective reduction of the activation energy of the C13-methyl group in the meta I and meta II states (Fig. 6) , where (1,6) interactions occur for C13-similar to the C9-methyl since the retinal is now all-trans with respect to the dark state. On the other hand, the dynamics of the C5-methyl of the β-ionone ring and the C13-methyl group adjacent to the PSB may be affected in principle by intra-retinal (1,7) interactions with the H8 and H10 hydrogens, respectively. However, it is more likely that they are determined by non-bonded interactions with surrounding amino acids in the binding pocket. The 2.2 Å resolution X-ray structure [4] indicates that Glu 122 is in close proximity to the C5-methyl group, and Trp 265 and Tyr 268 are close to the C13-methyl. According to the 2 H NMR structure, Fig. 4a , a high rotational barrier for the C5-methyl group is the result of its interaction with Glu
122
, which is in agreement with an FTIR study of desmethyl analogs of retinal bound to rhodopsin [31] . Interestingly, 2 H NMR relaxation implies that the C5-methyl is the least mobile, despite that the β-ionone ring may have multiple conformations that interconvert within the hydrophobic binding pocket on a longer time scale [57] .
Changes in molecular dynamics of retinal after isomerization are evident in the meta I and meta II states
An important finding of this work is that upon light activation there are only two distinct methyl environments due to relaxation of the strain of the retinal chromophore. Significant differences in the relaxation behavior for the C5-and C9-methyl groups are evident in the meta I and meta II states compared to the dark state. The largest light-induced change involves the C9-methyl group, which is known to be crucial to the process of rhodopsin activation [46] . The E a for the C9-methyl group is markedly increased (approximately by a factor of two). At the same time, the E a value for the C13-methyl group is reduced in the meta I state and the values of T 1Z for the C9-and C13-methyl groups become nearly the same. This seems logical because following the 11-cis to all-trans isomerization, the C13-and C9-methyl groups are now on the same side of the molecule, and they experience a similar intra-retinal potential. The reduction of the C13-methyl activation energy in meta I can be explained as in the case of the C9-methyl group in the dark state by anti-phase potentials for the intra-retinal C13-to-H11 and C13-to-H15 (1,6) interactions. The more restricted mobility for the C9-methyl upon isomerization may be related to a more crowded environment, e.g., due to a smaller C9-to-H11 distance in all-trans retinal with respect to 11-cis-retinal, or nonbonded interactions with Tyr 268 as a result of the C9-methyl rotation toward the tyrosine phenyl ring in the course of isomerization. By contrast, differences remain between the C5-methyl group of the β-ionone ring and the two other methyl groups. For the C5-methyl group in meta I, noticeable changes are observed in the temperature dependence of the T 1Z relaxation times (Fig. 6) . Fitting of the experimental relaxation data requires two components with different activation energies E a and pre-exponential factors (k 0 and D 0 ). The two components may correspond to rotation of the methyl groups and reorientation of the β-ionone ring, or alternatively two 6-s-cis conformers of the retinal with positive and negative torsion angles for the C6-C7 bond may be present [57] . Another interesting finding is that few changes are observed in the dynamics of the retinal upon the transition from the meta I to the meta II state. In Fig. 6 , the activation energy E a and diffusion constant D 0 increase slightly for the C9-methyl group and decrease for the C13-methyl. The meta II state is of particular interest because it is the activated receptor conformation [170] . In meta II, the mobility of the C9-and C13-methyl groups is similar, but with some minor differences. This is because the all-trans retinal in the meta II state is relaxed, which means that intra-retinal potentials for the C9-and C13-methyl groups should be close. Some of the differences in the rotational dynamics and the activation energies of the C9-and C13-methyl groups in meta II most likely can be attributed to interactions with amino acid side chains forming the chromophore binding pocket. The higher E a for the C9-methyl group is probably the result of its interaction with Tyr 268 , yet the relatively low activation energy of the C9-methyl in the meta II state indicates the absence of steric clashes of this group with the binding pocket. This implies that the roll angle of the central part of the retinal polyene chain, which includes the C9-methyl, does not change appreciably after isomerization. The roll angle of the retinal is mainly determined by positioning the C9-methyl between Thr 118 and Tyr 268 . Consequently, the part of the chain including the C13-methyl adopts an orientation similar to the C9-methyl. This is consistent with the structure of retinal in the meta I state obtained by 2 H NMR spectroscopy [24] . Surprisingly, the C13-methyl group has an even lower activation energy E a for axial rotation than the C9-methyl, although with such an orientation it should be very close to the β4 strand on extracellular loop E2. A possible explanation for the absence of interactions between the C13-methyl and Cys 187 on β4 is a displacement of the retinal polyene chain and the E2 loop away from each other, which is in agreement with 13 C NMR distance measurements [26] . According to our relaxation data, such a displacement already takes place in the meta I state. Interestingly, the overall behavior of the T 1Z relaxation times for the C5-methyl group in the dark, meta I, and meta II states is quite similar (the differences in E a hardly exceed 20% for a given model of the rotational dynamics, see Fig. 6 ). Apparently, in all three states the C5-methyl group and the β-ionone ring stay in almost the same environment involving the H3/H5 helical interface. A similar conclusion has been reached based on 13 C NMR chemical shift data [23] . [31] and X-ray studies [6] suggested that the β-ionone ring is implicated in the disruption of a hydrogen-bonding network around Glu 122 , which stabilizes the inactive rhodopsin conformation. At the opposite end of the retinal cofactor, 11-cis to trans isomerization about the C11_C12 double bond changes the pK a of the protonated Schiff base, destabilizing its interactions with the Glu 113 counterion. A counterion switch in meta I [33] and eventually deprotonation in the meta II state [34] leads to breaking of the ionic lock involving the protonated Schiff base and its carboxylate counterion. Now according to 2 H NMR, there are three different types of methyl behavior in the dark state, which is rather striking support for the idea that the retinylidene cofactor has three different interaction sites [138] . The reduction from three environments to two environments upon 11-cis to trans isomerization could be due to a diminution of the conformational strain within the rhodopsin binding pocket [53] . Moreover, as mentioned above, neither the C9-nor C13-methyl mobility has changed appreciably upon the transition from the meta I to meta II state. The dynamics of the C5-methyl of the β-ionone ring remains largely the same in all three states. This finding suggests that the major structural relaxation involving the retinal cofactor occurs already at the meta I intermediate in the activation process, and that the β-ionone ring is not expelled from its hydrophobic pocket in the molecular mechanism that gives rise to the activated receptor.
According to the 2 H NMR structure proposed for retinal in the preactivated meta I state [24, 53] , the major changes upon isomerization involve reorientation of the C13-methyl group together with the Schiff base end of the ligand, which give rise to a switch of the electrostatic interactions with the salt bridge involving the (potentially complex) counterion [34] . On the other hand, the β-ionone ring and the polyene with its C9-methyl group occupy similar binding sites in meta I as in the dark state. This is supported by the structure of meta I obtained from electron crystallography, where the β-ionone ring maintains its position up to the meta I state [159] , as well as 13 C chemical shift data [23] . By contrast, significant motion of the β-ionone ring following light activation is suggested by the results of cross-linking experiments [62] , which would mean that expulsion of the β-ionone ring from its pocket occurs at the meta II state, potentially triggering interactions with helix H4 in the receptor activation mechanism. In addition, translational motion of retinal relative to the protein is supported by the results of dipolar-assisted rotational-resonance (DARR) studies [25] , involving a 4-5 Å (1.5-2 Å in later work [130] ) displacement of the retinal toward helix H5. This would mean that interactions of the β-ionone ring with the binding pocket would be altered significantly. The latest DARR distance measurements in the meta II state [26] and opsin crystal structures [39, 40] reveal extracellular loop E2 motion accompanied by rearrangement of hydrogen-bonding interactions around E2, which are believed to be involved in rhodopsin activation. This is also supported by our relaxation data. Further disruption of a second ionic lock involving the E(D)RY motif in H3 [34] exposes key receptor binding sites for the G protein (transducin) coupling.
The following sequence of events in the activation process emerges from comparison of the 2 H NMR relaxation data in the dark, meta I, and meta II states with FTIR results [31] , the solid-state 13 C NMR distance measurements in the meta II state [26, 130] , and the opsin X-ray structures [39, 40] . The latter structures are assumed to resemble the active rhodopsin conformation. We suggest that in the early photointermediates (batho and lumi) the retinal ligand is highly distorted due to torsional twisting and bending away from the ideal sp 2 hybrid orbital geometry of the polyene [6, 171] . Induced fit of the retinal chromophore in the dark state is no longer possible within the rhodopsin binding pocket upon photoisomerization [24] . As shown in Fig. 7a and b, steric clash of the C13-methyl with the extracellular E2 loop results in the rearrangement of hydrogen-bonding networks connecting E2 with the extracellular ends of transmembrane helices H4, H5, and H6. As a consequence, movement of E2 and the retinal away from each other together with the straightening of the ligand leads to a steric clash of its polyene chain with Trp 265 (Fig. 7) . This is confirmed by the reduced distance between the C9-methyl and Trp 265 in the meta II state [65] . The steric clash with Trp 265 and straightening of the polyene chain result in the displacement of the β-ionone ring toward Glu 122 on helix H3, yielding a disruption of the hydrogenbonding network around Glu 122 . The group on the β-ionone ring that most likely interacts with Glu 122 is the C5-methyl group. This explains its much higher activation energy for axial spinning compared to the C9-and C13-methyl groups, especially in meta I (Fig. 6) . Displacement of the β-ionone ring toward helix H3 is supported by the recent X-ray structure of lumirhodopsin [6] , where movement of the β-ionone ring away from Trp 265 is observed, together with distortion and outward motion of the middle of H3 encompassing Gly 120 , Gly 121 , and Thr 118 .
Straightening of the retinal polyene chain and separation of the β-ionone ring from Trp 265 are evident in earlier MD simulations [171] and constitutes a major change in rhodopsin structure after photoisomerization. The energy initially stored in the distorted retinal is transformed into non-bonding interactions of retinal with its environment, followed by increased mobilities of some parts of the protein including kinked regions of the helices, mainly helix H6 [171] . Fig. 7) . Such a displacement of Trp 265 is believed to be responsible for the outward rotation of the cytoplasmic side of the helix H6 [23, 25] , which is considered to be a key change in rhodopsin conformation involved in receptor activation and G protein binding [41, 172] . Another recently discovered change in the opsin [39] structure compared to rhodopsin is the elongation of helix H5 and movement of its cytoplasmic end closer to H6. The H5 helix rearrangement is coupled to the displacement of the E2 loop away from the retinal [26] . [39] . Clearly, the conformational changes of rhodopsin are intricately interconnected; although the motions are concerted they do not take place simultaneously. For example, deprotonation of the Schiff base does not occur until the meta II state is reached [32] , whereas the 2 H NMR relaxation data suggest that the β4 strand displacement happens already in the meta I state. On the other hand, breaking of the ionic lock involving Glu 134 , Arg 135 , and Glu 247 takes place in the meta I to meta II transition [34] . This agrees with the slightly higher activation energy for axial rotation of the C5-methyl group in the meta I state (15 kJ/mol versus about 12 kJ/mol in the dark and meta II states). The absence of appreciable changes in the C5-methyl dynamics from the dark to the meta I and meta II states can be explained by a corresponding displacement of the surrounding Glu 122 [23] . It has also been suggested that helix H5 rotates counterclockwise (looking at rhodopsin from the extracellular side) [26] to break the second ionic lock (cf. Fig. 7c ). We find this hypothesis plausible, although the opsin structure does not show any appreciable rotation of H5. One may certainly argue, however, that it is absent in the opsin apoprotein on account of the lack of retinal. The possibility for helical rotations due to low potential barriers has been shown recently by a computational study [173] . Apart from the energy stored in highly distorted retinal after isomerization, additional contributions from low-frequency conformational fluctuations of the protein may be needed to overcome potential barriers to reach the active conformation, as in the case of protein folding [29] . The H5 rotation can be explained as a result of displacement of the β-ionone ring away from to form the active meta II state. Such putative helical rotations could preserve the local environment of the β-ionone ring and the C5-methyl group dynamics in particular. Lastly, within the framework of the suggested activation mechanism (Fig. 7) , one can explain the functional significance of the Due to geometry of the binding pocket and the ligand pre-twisting around the C11_C12 bond in the dark state, retinal isomerization occurs in the direction indicated. The C9-methyl group prevents rotation of the chromophore about its long axis; hence, the C13-methyl group rotates upwards toward the β4 strand of the extracellular loop E2. The C13-methyl pushes E2 and the retinal polyene chain away from each other. Concomitantly, the retinal β-ionone ring moves toward Glu 122 The latter are assumed to be maintained in the activated meta II conformation [26, 40] . The activation mechanism is highly cooperative suggesting that large-scale conformational fluctuations of the protein at lower frequencies are involved.
retinylidene methyl groups and the reduced activity of rhodopsin when regenerated with desmethyl retinals. For example, the C5-methyl group is responsible for the interaction with Glu 122 , and its deletion leads to the less effective disruption of the hydrogen-bonding network connecting helices H3 and H5. Deletion of the C13-methyl has a similar effect on displacement of the E2 loop and rearrangement of the surrounding hydrogen bonds. The C9-methyl deletion could lead to reorientation of the retinal polyene chain toward Tyr 268 and reduce or eliminate the steric clash of the C13-methyl with the extracellular E2 loop, having the same effect. It may also cause repositioning of the β-ionone ring and influence its interactions with Glu 122 [35] . All these methyl deletions prevent one or a few conformational changes required for the meta II formation, and they backshift the metarhodopsin equilibrium toward the inactive meta I state.
Conclusions
Solid-state NMR constitutes a powerful avenue for investigation of protein dynamics that is complementary to the other biophysical approaches such as X-ray crystallography. Using 2 H NMR the structure and dynamics of 11-cis-retinal in the rhodopsin dark state have been compared with all-trans retinal in the meta I and meta II photointermediates. In the dark state, the cofactor is a highly potent inverse agonist, yet retinal is transformed to an agonist in meta II. Despite its phenomenal dark state stability retinal has significant dynamics within the binding pocket of rhodopsin. The 2 H NMR data indicate that the methyl groups are rapidly spinning but that the off-axial motions are highly restricted, with order parameters of S C 3 ≈0.9. In consequence, the NMR relaxation rates are determined mainly by fast axial methyl rotation about their three-fold axes. An activation mechanism is suggested whereby the β-ionone ring remains within its hydrophobic pocket, and the environment of the C5-methyl group of the β-ionone ring is largely preserved in the activated meta II state versus either the meta I or dark states. Disruption of hydrogenbonding networks stabilizing the inactive conformation occurs due to a steric clash of the ligand C13-methyl group with the β4 strand of the second extracellular loop, together with displacement of the β-ionone ring toward Glu 122 on helix H3. According to this proposal, cooperative motion of the ligand, E2 loop, and helices H5 and H6 is accompanied by additional conformational changes within the protein that yield exposure of recognition sites for transducin on the cytoplasmic domain of rhodopsin, resulting in visual perception.
